Abstract A novel method is proposed for treating cylindrical probe characteristics to obtain plasma density. The method consists of exponential extrapolation of the transitional part of the I-V curve to the floating potential for the ion saturation current, other than the existing theories which use the ion branch, and an iterative sheath thickness correction procedure for improved accuracy. The method was tested by treating Langmuir probe I-V characteristics obtained from inductively coupled Ar discharges at various pressures, and comparing the present results with those deduced by existing theories. It was shown that the plasma densities obtained by the present method are in good agreement with those calculated by the Allen-Boyd-Reynolds (ABR) theory, suggesting the effectiveness of the proposed method. Without need of manual setting and adjustment of fitting parameters, the method may be suitable for automatic and real time processing of probe characteristics.
Introduction
The Langmuir probe is perhaps the most universally used tool for diagnosing plasmas, due to its simplicity and capability of localized measurements. With a Langmuir probe, many plasma parameters, such as the plasma densities, the electron temperature and energy distribution function, and the plasma space and floating potentials, can be obtained [1] . Among them, the plasma density can be calculated from either the electron saturation current (probe current at the plasma space potential where dI/dV of the probe I-V characteristics shows maximum), or the ion current branch of the probe I-V characteristics [1] . Compared with the former, the latter is considered more accurate since only the small ion current is collected by the probe and the plasma is less disturbed [2] . Many theories had been proposed to associate the ion current branch of the probe I-V characteristics with the plasma density. The most famous ones are the orbital motion limit (OML) theory [3] , the AllenBoyd-Reynolds (ABR) theory [4, 5] , and the BernsteinRabinowitz-Laframboise (BRL) theory [6, 7] . The OML theory predicts the simple rule of I 2 ∝ V for an ion branch of a cylindrical probe characteristic, and has been adopted by commercial Langmuir probe systems. However, in most cases except for very tenuous plasmas, the OML theory tends to give larger plasma density than the real value, because of over-estimation of the orbital motion of ions [2] . On the other hand, both the ABR theory and the BRL theory contain complicate numerical calculation and fitting procedures [4∼7] . They need proper initial setting and adjustment of parameters, and thus are difficult to be applied to automatic and real time processing of probe characteristics.
In this paper, we propose an iterative method to treat cylindrical probe characteristics to derive plasma density, which consists of exponential extrapolation of the transitional part of the I-V curve to the floating potential for the ion saturation current, and an iterative sheath thickness correction procedure. Since no manual setting and adjustment of fitting parameters is required in the method, it is suitable for automatic and real time processing of probe characteristics. The method was tested by treating I-V characteristics in inductively coupled discharges of Ar at various pressures, and its effectiveness was verified by the good agreement between the present and the ABR results.
2 Theoretical basis 2.1 Plasma density calculation using ion saturation current
Theoretically, a plane probe that is sufficiently negatively biased collects ion saturation current I is [1] :
where n is the plasma density, T e is the electron temperature, e the charge of electron, M the ion mass, and S the area of the sheath surface. For a cylindrical probe, since the sheath expands with increasing negative bias, the ion current does not saturate. The existing theories [3∼7] treat the problem by fitting the ion current at high-negative probe biases and extrapolating the variation trend to the floating potential for a nominal I is to calculate the ion density. However, as mentioned above, they are either inaccurate or inconvenient to use. Indeed, since at the floating potential the ion current equals the electron current, I is may also be obtained from the variation trend of electron current in the transitional region of the I-V curve. Typically, if the electron distribution is Maxwellian, I is may be obtained by exponential extrapolation of the transitional part of the I-V curve to the floating potential, and then the plasma density can be obtained by Eq. (1).
In thin sheath cases s << r a , where s and r a are the sheath thickness and probe radius, respectively, the density may be calculated more conveniently using the probe area for S. However, in more general cases where the sheath thickness is not negligible, the sheath thickness, and corresponding sheath surface area S must be calculated for obtaining accurate plasma densities.
Sheath thickness calculation
PIEJAK et al. calculated the sheath thickness out of a hairpin probe and corrected the obtained electron density with it [8] . Considering a collisionless sheath around a cylindrical probe of radius r a , the Poisson equation gives:
the ion flux continuity equation gives [9, 10] :
and the ion momentum equation gives [9, 10] :
where ε 0 is the vacuum permittivity, V , n e , n i and v i are the potential, the electron density, the ion density and the ion velocity, respectively. With the assumption of cold ions and Maxwellian electrons in the plasma, Eqs. (3) and (4) give:
and the electron density obeys the Boltzmann distribution:
where u s = ( eTe M ) 1/2 is the Bohm's velocity, r s is the sheath radius, n es and n is are the electron and ion densities at the sheath boundary, respectively, n es = n is = n exp (−1/2) . The boundary conditions at the plasmasheath interface (r = r s ) are [9] V | rs = 0, ∂V /∂r| rs = T e /λ D ,
and the boundary condition for the probe at the floating potential is [8] V
where m is the electron mass. Using Eqs. (2), (5) and (6) together with boundary conditions (7) and (8), V (r) and r s may be solved using conventional numerical techniques.
3 Iterative calculation of plasma density with sheath thickness correction
As described in section 2.1, an error may be brought in plasma density calculation using Eq. (1) if the probe area is used for S, in cases that the sheath thickness is not negligible as compared with the probe radius r a . It means that accurate plasma density can be obtained by using the sheath radius r s in place of r a . r s may be obtained by solving Eq. (2) in section 2.2, but it needs the plasma density as a parameter, which is our final objective and unknown at this stage.
We circumvent the above problem with an iterative procedure, as shown in Fig. 1 . Firstly, an initial plasma density n 0 is obtained using Eq. (1), with S being the probe area 2πr a l (where l is the probe length) and I is obtained by exponential extrapolation of the transitional part of the I-V curve to the floating potential. Then the sheath radius r s0 corresponding to n 0 is calculated by solving Eq. (2), and a corrected plasma density can be obtained by n 1 = r a n 0 /r s0 . Quantity
1/2 n 1 2πlr s0 is usually smaller than Fig.1 Illustration of the iterative process of the probe characteristic treatment for calculating the plasma density I is . If so, replace n 0 by n 1 , and repeat the above procedure for new sheath radius r s1 corresponding to n 1 and newly corrected plasma density n 2 = r a n 0 /r s1 . Execute the above procedure repeatedly until n k is obtained so that the quantity exp(− 1 2 )( eTe M ) 1/2 n k 2πlr sk−1 is sufficiently close to I is . Then n k can be considered as the correct plasma density because of the consistency of n k , r sk−1 (∼ r sk ) and I is .
The effectiveness of the method was tested using a computer program with input parameters of probe radius, plasma density, and electron temperature. Fig. 2 shows corrected plasma density for initial density values between 1×10 9 cm −3 and 1×10 12 cm −3 with the probe radius varying from 0.05 mm to 1 mm and the electron temperature being fixed at 2 eV. The calculations converged to give corrected plasma densities except for the case of low density (10 9 cm −3 ) with a very thin probe (r a = 0.05 mm). In fact, although all converged results are shown in Fig. 2 , we suggest that those for low densities and thin probes, where r s >> r a , may involve large errors. This is because the present method, similar to the ABR theory, does not consider the orbital motion of ions, which may be significant in the thick sheath cases. The ratio r s /r a for various plasma density and probe radii are listed in Table 1 . In the upper-left region (in bold) corresponding to lower density and a thinner probe, the values of r s /r a exceed or are close to 10, and the orbital motion of ions should be not negligible. 
Experimental verification
A series of probe characteristics, measured in inductively coupled discharges of Ar [11, 12] using a Hiden ESPion probe system with a probe radius of 0.1 mm, were treated using the present method. The results were compared with those by the OML, ABR and BRL theories using CHEN's programs [13] . The results are summarized in Fig. 3 . It is shown that the ion densities obtained by the present method are excellently consistent with those given by the ABR theory, while both the OML and BRL theories give larger values. In the range of ∼ 10 11 cm −3 , the sheath thickness is close to the probe radius (see Table 1 ), thus the orbital motion of ions should be less significant, and the OML and BRL theories, both of which are concerned with considerable orbital motions, may not apply. On the other hand, since radial motion of the ions is considered to be dominant, the ABR results should be reliable, and this verifies the validity of the present method. The consistency of the present results and the results of ABR theory may not be fortuitous, but is due to the similar model they are based on: both of them are concerned with the sheath structure and neglect the orbital motion of ions. The present method may be more advantageous than the ABR theory in that it does not need manual setting and adjustment of fitting parameters, thus it is suitable for automatic and real time processing of probe characteristics.
Conclusion
A new method was proposed for obtaining the plasma density from the I-V characteristic of a cylindrical Langmuir probe. The ion saturation current in the new method is obtained by exponential extrapolation of the transitional part of the I-V curve, other than the existing theories which use the ion branch. In addition, an iterative sheath thickness correction to the plasma density value was applied to improve the accuracy. From a test using the I-V characteristics measured in inductively coupled Ar discharges, it was shown that the plasma densities obtained by the new method coincided well with those calculated by the ABR theory, suggesting the effectiveness of the proposed method. Without the need of manual setting and adjustment of fitting parameters, the method is suitable for automatic and real time processing of probe characteristics.
